Background: The subjective visual vertical (SVV, the visual estimation of gravitational direction) is commonly considered as an indicator of the sense of orientation. The present study examined the impact of two methodological factors (the angle size of the stimulus and the participant's gender) on deviations of the SVV caused by head tilt. Forty healthy participants (20 men and 20 women) were asked to make visual vertical adjustments of a light bar with their head held vertically or roll-tilted by 30°to the left or to the right. Line angle sizes of 0.95°and 18.92°were presented. Results: The SVV tended to move in the direction of head tilt in women but away from the direction of head tilt in men. Moreover, the head-tilt effect was also modulated by the stimulus' angle size. The large angle size led to deviations in the direction of head-tilt, whereas the small angle size had the opposite effect.
Background
On Earth, humans need to have a sense of verticality. In sensorimotor terms, our upright, bipedal, postural stance is mediated by vestibular, somesthetic and visual inputs that serve as indicators of any deviation from the vertical. On the cognitive level, our vertical perception defines a gravitational reference frame, which subserves the coding of the location and orientation of objects in the environment independently of the observer's own orientation. Consequently, the subjective vertical (SV, i. e. the subjective estimation of gravitational direction) is commonly considered as an indicator of the sense of orientation. The SV is measured by asking the observer to align a light bar with the direction of gravity (i.e. the subjective visual vertical, SVV). Other modalities (such as the haptic modality) have been also used (e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] ).
The SVV arises from the complex integration of inputs from vestibular, visual, proprioceptive and tactile receptors. It has been clearly established that subcortical structures are involved in the vestibular contribution to oculomotor control (vestibulo-oculomotor reflexes) and postural control (vestibulo-collic and vestibulo-spinal reflexes) (for a review, see [10] ). However, it is not known precisely how and where in the cortex the vestibular information on spatial cognition (and on the sense of verticality, in particular) is processed. Otoliths and semicircular canals give rise to vestibular inputs, which run from the eighth nerve to the vestibular nuclei at the pontine level. Studies in monkeys [11] have shown that after thalamic projection, the signals reach (directly or indirectly) several areas of the vestibular cortex (areas 2v, 3a and 7, in particular), the parieto-insular vestibular cortex (PIVC) and the ventral intraparietal area. Functional MRI studies [12, 13] have revealed that similar areas are involved in humans (particularly the PIVC and temporal areas), with right-hemisphere dominance. According to Barra et al. [14] , the representation of verticality may depend on neural circuits that include thalamoparietal projections (for somesthetic graviception) and thalamo-insular projections (for vestibular graviception).
Lesions or impairment at any of the steps in vestibular information processing can induce pathological deviations of the SVV or the subjective visual horizontal. Indeed, this paradigm has frequently been used to detect acute, unilateral vestibular defects in disease settings [15] . However, thalamic infarction [16] and cortical damage (especially in parietal areas and, more specifically, damage to the PIVC) can also induce deviation of the SVV (for a review, see [17] ). For example, in the study by Brandt et al. [18] , contraversive tilts of the SVV were found in 33 out of 52 patients with brain damage in the PIVC area; ocular torsion was ruled out as a possible cause of the deviation. Most studies on stroke patients have reported an altered sense of verticality and a subjective vertical tilted towards the contralesional side -especially in patients suffering from hemineglect syndrome [19] [20] [21] . Nowadays, a growing number of researchers use the SVV paradigm to investigate other diseases, such as paraplegia [14] and psychiatric conditions [3] .
However, even healthy observers will suffer from nonnegligible, biased accuracy if visual cues are not available and the head axis is no longer relevant (when roll-tilted, for example). Many literature reports show that (i) head tilts of up to 60°can give rise to contraversive displacement of the SVV (the Müller effect, also known as the E-effect) and (ii) greater tilt angles induce systematic deviations in the head tilt direction (the Aubert effect, also known as the A-effect). Nevertheless, a review of the literature on head-tilt effects as a function of the amplitude of head tilt reveals strong disagreements with respect to the specific values and conditions that yield A-or E-effects. For example, several researchers have found systematic A-effects with moderate head tilts of about 30° [2, [22] [23] [24] [25] , whereas others always observed an E-effect under similar conditions [26, 27] . Furthermore, some researchers report high, between-subject variability rather than an average, systematic effect of head tilt [28] [29] [30] . Table 1 provides a summary of these various experiments and their main results.
In fact, if we consider moderate tilts and normal subjects, two main factors appear to vary strongly from one study to another (see Table 1 ): the angle size and the participants' gender (when this information is mentioned). In experiments showing a systematic A-effect [2, [22] [23] [24] [25] , very large stimuli were used (from 19.85°to 32.44°). Although the effect of the stimulus angle size was tested some time ago by Wade [26] , it merits renewed investigation. In fact, Wade found that a large angle size could diminish the E-effect but did not find an A-effect -even with a large angle size (28.52°). Unfortunately, data concerning other aspects of study design (such as whether participants of both genders or just one gender were included) were not specified.
Several spatial tasks show gender effects, although the latter are not completely understood. Anatomical explanations have been proposed [31, 32] . The otolithic organs (i.e. the utricle and saccule) and the superior semicircular canals appear to be larger in men than in women [33] ; this may explain (at least in part) genderrelated differences in vestibular information processing (see [31, 32] ). Since the pioneering work by Asch and Witkin [34] , it has been well documented that women are usually more affected by visual, contextual cues (such as those used as in the rod-and-frame test and the water-level task, for example [35, 36] ). Gender effects are also frequently mentioned in spatial attention tasks, with poorer performance levels by women (although a correlation with the functional differences revealed by fMRI has not been found [37] ). In navigation tasks, significant differences between men and women have also been evidenced [38] . However, gender differences in spatial tasks do not appear to be limited to paradigms involving visual contextual cues, since Tremblay et al. [31, 32] found gender differences in judgment of the morphological horizon in different body orientations. A few studies have sought to identify a gender difference for the SVV during head-tilt (and in the absence of visual context) [36, 39] but failed to do so.
In order to explain some of discrepancies concerning head-tilt effects for the SVV, we decided to investigate the possible impact of methodological factors (the line's angle size and the participant's gender) with a moderate (30°) head tilt. This question is important in view of the growing body of research using the SVV paradigm in various disease settings. Forty healthy participants (20 men and 20 women) were asked to make visual vertical adjustments of a light bar with their head positioned vertically or roll-tilted by 30°to the left or the right. Line angle sizes of 0.95°and 18.92°were presented.
Method

Participants
The 40 study participants (20 women (mean ± SD age: 23.20 ± 3.22) and 20 men (mean ± SD age: 24.10 ± 3.04)) were all psychology or neuroscience students. A T-test failed to show any difference between the gender groups' respective mean ages (t 38 = -0.90; p = 0.37). The participants' vision was normal or corrected-to-normal with lenses. According to self-reports, none of the subjects had hearing or vestibular disorders, diseases with ocular effects or motion sickness. The subjects were all volunteers and informed consent was obtained after a full explanation of the experimental procedure. In France, our behavioral, non-invasive, non-medical study did not require approval by an independent ethics committee. However, we did follow the recommendations of the French Psychology Society http://www.sfpsy.org/ spip.php?rubrique27.
Materials
The equipment used to present the stimulus comprised of a 60-cm-long tunnel in a metal framework (see Figure 1) , which was covered by a black cloth during the experiment to block any visual, contextual cues. At the bottom of this device was a rotating metal disc (diameter: 44 cm) fitted with electroluminescent diodes. A rigid black plate with an adjustable aperture (corresponding to the line size) was placed in front of the diodes to provide either a small angle size for the emitted light (angle: 0.95°; length: 1 cm; width: 1 mm) or a large angle size (18.92°; length: 20 cm; width: 1 mm). The disc could be rotated by up to 240°around its central axis. The display was viewed binocularly. The back of the disc was graduated in degrees and the display's sensitivity threshold was ± 0.5°. At the aperture of the visual apparatus, the participant's head was held in place at four points (the temples, the top of the head and the chin placed on a padded rest), which allowed the head to be held upright or tilted by 30°to the left or to the right. The participant was seated in front of the visual apparatus at an appropriate height, with his/her head placed in the head rest device.
Experimental conditions and procedures
The participants had to adjust the rod to the gravitational vertical as accurately as possible. No time limit was imposed. A gravitational definition of the vertical was given to the participants (the direction of a plumb line; a concrete example was shown). The two chosen light bar angles (0.95°and 18.92°) were presented in separate sessions, with a 5 min interval. For each angle size condition, the participant adjusted the line in three head posture conditions: (i) the head held vertically (the baseline condition), (ii) the head roll-tilted to the left (-30°, by convention) and (iii) the head roll tilted to the right (+30°). The baseline condition was performed first and the order of presentation of the left-tilt and righttilt conditions was randomized. In each of these six experimental conditions (two angles × three head positions), there were four adjustments to the vertical. The initial rod position was 20°away from the physical vertical and the direction of displacement (clockwise and counter-clockwise) was counterbalanced over the four trials.
Results
The results are depicted in Table 2 .
For each trial, the deviation (in degrees) of the line's final position from the gravitational vertical was first noted. By convention, deviations to the left (i.e. with the rod turned counter-clockwise with respect to the gravitational vertical, as viewed by the subject) were counted as negative and deviations to the right (clockwise) were counted as positive. The mean of the algebraic deviations (in degrees) over the four trials in each postural condition was computed. The threshold for statistical significance (i.e. for rejection of the null hypothesis) was set to p < 0.05 for all tests.
The standard assumptions for performing an analysis of variance (ANOVA) were validated, i.e. the normality of the distributions (checked with a Kolmogorov-Smirnov test) and the homogeneity of the variance matrix between groups (checked with Box's M test; p > 0.40). We performed a two (gender) × three (head position) × two (angle size) factor ANOVA with repeated measures on the latter two factors. This analysis did not reveal a significant effect of gender (F (1,38) = 0.344; p = 0.56) or head position(F (2,76) = 0.038; p = 0.963). In contrast, the interaction between head position and gender was statistically significant (F (2,76) = 5.960; p = 0.0003 (see Figure  2) ). However, an orthogonal contrast analysis revealed a significant difference between women and men in the "right-tilt" condition (F (1,38) = 5.866; p = 0.02). In the other head positions, the effects showed a trend but failed to achieve statistical significance (F (1,38) = 3.069, p = 0.08, for the "head vertical" condition; F (1, 38) = 3.721, p = 0.06 for "left-tilt").
Even though the mean size of the deviations was moderate (with high between-subject variability; see Table 2 ), the effect of the head-tilt differed according to gender. In women, a deviation in the direction of head tilt (i.e. an A-effect) was observed (vs. the baseline, "head vertical" condition), whereas the opposite was found in men (i.e. an E-effect).
The ANOVA also revealed an interaction between head position and angle size (F (2,76) = 10.549; p < .00001 (see Figure 3) ). An orthogonal contrast analysis showed that the effect of angle size was significant for the headtilted conditions (t (38) = 3.87, p < 0.001, for "left-tilt", t (38) = 2.00, p = 0.025, for "right-tilt") but not for the "head vertical" condition (t (38) = 1.24; p = 0.11).
When adjustments were made with a small angle size (0.95°), they tended to deviate away from the direction of the head tilt. In contrast, a large angle size (18.92°) led to deviations in the direction of the head tilt. None of the other single effects or interactions was significant (p > 0.19 for the effect of angle size and Fs < 1 for all the other factors and interactions).
In order to clarify the additive effects of gender and angle size on the SVV, we further analyzed the "headtilt indexes". To that end, the mean obtained in the baseline condition (i.e. the head aligned with the vertical) was subtracted from the mean computed for the left-or right-tilted head condition, in order to isolate a "pure" head-tilt effect. Moreover, each mean was expressed with respect to the head axis (30°), in order to rule out the normal, reverse deviation caused by headtilt to the left or to the right, respectively. Thus, an accurate gravitational judgment would be equal to 30°. In contrast, a value below 30°would reflect an A-effect and a value above 30°would reflect an E-effect.
The standard assumptions for performing ANOVA were observed, i.e. a normal data distribution (checked with a Kolmogorov-Smirnov test) and a homogeneous variance-covariance matrix (checked with a Box's M test). We performed a two (gender) × two (head position) × two (angle size) factor ANOVA with repeated measures on the two latter factors. This analysis revealed a significant effect of angle size (F (1,38) = 12.654; p = 0.001). When adjustments were made with the small angle size (0.95°), the errors tended to be in the opposite direction to that of the head tilt (M = 30.630°; an E-effect). In contrast, a large angle size (18.92°) led to a slight deviation in the direction of the head (M = 29.340°; an A-effect). The effect of gender was also significant (F (1,38) = 6.307; p = 0.016). Men generally showed an E-effect (M = 30.809°), whereas women generally showed an A-effect (M = 29.160°). The two factors gender and angle size had additive effects, since the interaction between them was not statistically significant (F < 1; see Figure 4 ).
There was no significant effect of head tilt (F < 1). The SVV with the head tilted to the left (M = 29.871°) did not differ from that obtained with the head tilted to the right (M = 30.098°). The interaction between gender and head tilt failed to achieve statistical significance (F (1, 38) = 2.667; MSE = 5.4; p = 0.11). All other interactions were non-significant (F < 1).
Discussion
Our study results showed moderate SVV effects with a 30°head tilt. However, our experiment notably revealed that two methodological factors (the participant's gender and the angle size of the stimulus) had a statistically significant effect on the SVV in general and on the headtilt effect in particular. Our second data analysis Table 2 The visual subjective vertical in the three head conditions as a function of angular size and gender. revealed that gender and angle size had additive effects on the deviation of the estimated SVV. The women tended to deviate their SVV in the direction of the head-tilt, whereas the opposite effect was found in men. Moreover, the head-tilt effect was modulated by the stimulus angle size. A large stimulus angle size led to deviations in the direction of the head-tilt, whereas a small angle size gave the opposite effect. We suggest that these methodological factors could be partly involved in some of the differences found in the literature concerning the effect of head-tilt on the SVV. For instance, an experiment in which the SVV is tested with a large stimulus angle size in a predominantly women group (e.g. [23] ) would be more likely to give rise to an A-effect (i.e. under-compensation of head-tilt; deviation of the SVV towards the head). In contrast, an experiment conducted with presentation of small angle size in a group of men would be more likely to an Eeffect (i.e. overcompensation of head-tilt; deviation away from the head) on average. In the two other cases (women with a small angle size and men with a large stimulus angle size), the mean SVV may be close to the true physical vertical and would not display systematic deviation.
The difference between men and women observed here contrasts with the lack of an effect in previous studies [36, 39] . However, our results fit well with Tremblay's assertion [32] that gender differences in the perception of spatial orientation are linked to anatomical differences in the vestibular apparatus. As mentioned above, Sato et al. [33] found that the otoliths and superior semicircular canals are larger in men than in women. According to Tremblay [32] , this physiological difference may mean that women are poorly sensitive to vestibular information. The higher weighting given to vestibular signals could explain the men's propensity for an E-effect via overcompensation of head tilt (see Figure 4 ).
Our results on the effect of angle size agree rather well with the previous work by Wade [26] , i.e. an increase in the E-effect with a small-sized stimulus angle. Although the gender of the ten participants was not stated in Wade's paper, an assessment of solely male participants would explain the lack of an A-effect in the 28.52°angle size condition.
Although the overall effects remain difficult to explain, some degree of speculation is justified. The effect of the angle size factor could be studied by rigorous investigation of eye movements and restriction of the allowed adjustment time (to avoid scanning movements, for example). Indeed, head tilt induces a vestibulo-ocular reflex (ocular countertorsion) that might lead to a visual E-effect (i.e. overestimation of head tilt) if the system does not take into account the slight countertorsion of the retinal meridians (usually about 10% of the headtilt). Some researchers have considered that countertorsion is the predominant factor in SVV deviations [40] and SVV variability [41] , although other researchers failed to find a link between eye torsion and the SVV [25] .
Moreover, angle size differences could trigger additional eye movements. Although the 0.95°stimulus may be foveated, saccades and volitional eye movements are certainly required to fully view an 18.9°-sized line. Even though it is now clear that several regions of the human cortex contain orientation-selective neurons (V1, V2, V3, V3A and V4 in particular; for a review, see [42] ), it is still not known where in the brain vestibular signals are integrated with visual signals (in order to convert the representation of visual stimulus from a retinal frame of reference into a world-centered frame of reference [43] ). In humans, Corbett et al. [44] used eventrelated potential experiments to show that in the presence of a tilted frame, the SVV involved later, post-perceptual information processing. Moreover, Vandenberghe et al.'s PET study [45] showed that the brain areas involved in orientation discrimination are activated differently by a main stimulus and by the addition of a peripheral stimulus. The two stimuli used in our present research, a centrally viewed bar (0.95°) and a more peripherally viewed bar (18.95°), may have activated different cortical areas and thus generated different behavioral results (i.e. different SVV deviations).
Our study had several limitations. Firstly, the deviations of the SVV found with a 30°head tilt were quite moderate. One can legitimately postulate that factors not taken into account here (such as handedness) may have contributed to the great between-subject variability and thus the small overall deviation induced by head tilt. Thus, it would be useful to control for this factor and increase the number of participants. The second limitation relates to the fact that only a moderate head tilt (30°) was studied here; it would be interesting to investigate several larger tilt angles. Thirdly, it is difficult to interpret our data from a physiological point of view. However, as suggested by one of the reviewers of this article, it would be useful to check the validity of our findings by estimating both the subjective visual and haptic verticals in the same participants. This would enable us to determine whether the effects of gender and angle size observed here are linked to the central processing of visual information or, in contrast, otolithic information (see [8] ).
Conclusion
In summary, our study revealed the impact of two factors on evaluation of the SVV: the angle size of the stimulus and the participant's gender. Given the growing body of research that uses the SVV paradigm as an indicator of spatial orientation (particularly in disease settings), this methodological issue is important and may explain (at least in part) the discrepancies found in the literature on the head-tilt effect.
